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Introduction
In the field of tissue engineering and regenerative medicine, where cells are cultured in vitro, it is becoming more and more evident that the microenvironment where cells grow plays a critical role, since it can instruct cells through different kinds of stimuli, which replicate the conditions experienced by cells in vivo. These stimuli can be chemical (e.g., soluble growth/differentiation factors, adhesive molecules present in the extracellular matrix, pharmacological molecules, oxygen diffusion), or physical, such as mechanical or electrical. Electrical stimuli play an important role in the field of cardiac tissue engineering and related heart cells in general. From the beginning of the heart development at the embryonic stage, the electrical stimulation is an essential component for the commitment of cardiac precursor cells. Ion currents are recognized to play a key role in cardiomyogenesis in vivo . In vitro electric stimulation can improve the functional assembly of neonatal mouse and rat cardiomyocytes into a contractile engineered cardiac tissues (Au et al. 2007; Chiu et al. 2011; Tandon et al. 2011 ) and promote the differentiation toward the cardiac lineage of mouse embryonal stem cells (Serena et al. 2009; Zimmermann 2011) . This strategy represents a promising alternative to biochemical conditioning protocols, which were used with several cell types, including fibroblasts, bone marrow derived stem cells, human mesenchymal stem cells and embryonic stem cells, with the aim of inducing cells towards a cardiac phenotype on the basis of regulation of cardiac markers (Badorff et al. 2003; Rangappa, Entwistle, et al. 2003; Rangappa, Fen, et al. 2003) . Unfortunately, most of the differentiation protocols available in literature either rely on the use of potentially dangerous drugs such as, for example, 5-azacytidine (Choi et al. 2004) , which being also used as anti-cancer chemotherapeutic can display related side effects or require periods of co-culture with human or mouse adult ventricular cardiomyocytes (Rangappa, Fen, et al. 2003) . This clearly impairs the possibility of translation to the clinic (Miura et al. 2006 ).
Endogenous electric fields are present in developing and regenerating tissues, either in the extracellular space or in the cell cytoplasm, and these fields range in strength from a few mV/mm to several hundreds mV/mm (Jaffe and Nuccitelli 1977; Robinson 1985) . Exogenous electromagnetic fields were shown to influence in vitro the cell behavior (Zhao, Forrester, and McCaig 1999) . Cells respond to an externally applied electrical stimulation with a passive and an active intracellular influx of ions, such as calcium and sodium (Trollinger, Isseroff, and Nuccitelli 2002; Djamgoz MBA et al. 2001) , the relocalization of lipids and proteins (e.g., growth factor receptors) within the membrane (Zhao et al. 2002) and morphological changes (e.g., elongation, alignment) (Au et al. 2007) . Protocols based on an electrical stimulation were applied using various experimental set ups and solutions for configuring the electrode, such as metal patterned electrodes (Tandon et al. 2010; Kong, Bursac, and Tung 2005) , point-stimulation electrodes (Kong, Bursac, and Tung 2005; Bian and Tung 2006) or rod-shaped electrodes (Sathaye et al. 2006; Berger et al. 1994; Vunjak-Novakovic and Tandon 2009 ). In the case of cell monolayers, carbon rod electrodes were used to stimulate cell growth in the middle region of the applied electric field (Au et al. 2007 ). Different electrical stimulation protocols have been reported to improve the functional assembly of cardiomyocytes into contractile engineered tissue (Tandon et al. 2011; Tandon, Cannizzaro, et al. 2009; Barash et al. 2010) . In this scenario, electrical-based bioreactor platforms are expected to enable the exploration of combinations of strictly controlled electrical stimulation with other experimental conditions that play key roles in cardiogenic differentiation (e.g., the cell developmental stage, scaffold substrates).
In this work we developed a chemical-free conditioning system based on electrical stimulation as an alternative method for inducing pre-commitment of stem cells to a cardiac phenotype. A multi-chamber bioreactor was designed to provide controlled electrical stimulation aimed at investigating the influence of the electric field in the stem cell differentiation process. The cell culture system was conceived as a user-friendly instrument with visualization and imaging compatibility and versatility in the applicable electrical stimuli. The physical phenomena and the related variables characterizing the cell culture environment were analyzed and quantified to optimize cell culture procedures under electrical stimulation. Computational models were used to quantify the desired stimulation in terms of electric field values and uniformity in the region where cells grow. In this way it was possible to optimize the experimental procedure in terms of the amount of culture medium necessary to guarantee favorable cell conditioning during culture. The result of the proposed design is a robust, easy-to-use, cost-effective and reproducible device able to apply different electrical stimulation protocols on cells. To validate the bioreactor tool, we explored the possibility of inducing cardiac differentiation on a mouse adiposederived stem cell line utilizing two different electrical stimulation protocols, i.e., monophasic and biphasic stimulation, and we compared the results of these two strategies in terms of the cell viability, proliferation and global gene expression. Finally, we evaluated the levels of Cx-43 (Hahn et al. 2008; Mills et al. 2007 ) in order to compare control culture samples to samples stimulated electrically within the bioreactor device.
Materials and Methods

Design and fabrication of the cell culture platform
The general layout of the culture platform (Fig.1a) consisted of the following components: i) interchangeable silicone culture chambers, ii) two chassis capable of hosting up to six culture chambers each, and providing the cable connections to the electrical stimulator, iii) a PC-programmable electrical stimulator for the generation of pulses. All of the components were made in-house.
Culture chambers -Each culture chamber consisted of a transparent, rectangular-based culture plate (30 x 15 mm; 12 mm in height) made using polydimethylsiloxane (PDMS, Silgard 184 ®, DownCorning), which was prepared by casting and curing within molds manufactured for this purpose. The bottom of the chamber was made flat and fully transparent by accurate surface polishing of the molds, to allow for optimal visualization of the cells using an inverted microscope. Each PDMS chamber (Fig.1b) was provided with two parallel embedded electrodes fabricated of non-toxic (Dymond et al. 1970; Babb and Kupfer 1984; Merrill, Bikson, and Jefferys 2005) AISI 316 stainless steel rods (2.5 mm in diameter), placed 12 mm apart. Each electrode exhibited one-fourth of its side surface towards the inner volume of the chamber to ensure electrical continuity with the culture medium.
The chamber mold was manufactured using a computer numerical control (CNC) milling machine . The electrodes were positioned inside of the mold during the mold assembly, and PDMS was then cast and cured at 80°C for 3 hours. Each chamber was further equipped with two additional polytetrafluoroethylene (PTFE) clamps, which were used to push the glass slide where the cells were cultured against the bottom of the chamber during each user operation (e.g., cell seeding, medium addition/removal, chambers locking/unlocking in the chassis and imaging operations).
Chassis -The chassis frame was fabricated from PMMA (Fig.1a) . The locking system, which secured each chamber to the chassis was based on geometrical interference between the chamber and the chassis basement; spring gold coated connectors embedded in the back wall of the chassis allowed the chamber electrodes to connect to the stimulation apparatus. Each part of the chassis was CNC-manufactured (Modela Roland MDX-40), subsequently the parts were assembled with acrylic glue.
Electrical stimulator -An electrical stimulator able to generate monophasic and biphasic voltage stimulation with adjustable square waveforms (amplitude, pulse width and frequency) was designed and integrated in the culture system (Fig.1a) . The electrical stimulator is located outside of the incubator; cables connect the stimulator output sockets (top side of the stimulator, Fig.1a ) with the input sockets placed on the lateral side of each chassis.
Experimental assessment -Bench testing was performed using voltage measurements inside of the cell culture region. An electrode comb comprising six 1.27-mm-spaced gold pins was immersed in the culture medium at half the width of the chamber, along a line perpendicular to the chamber electrodes. The stimulator was configured at different stimulation conditions, and the time course of the chamber electrode voltage and of the voltage of each pin was simultaneously recorded (NI DAQCard-6024E, National Instruments, Austin, TX) at an acquisition rate of 25 kHz. All voltage measurements referred to one chamber electrode, which was used as the system ground.
Finite element modelling of the electric field in the culture chambers
A computational model was developed with the finite element method (FEM) to investigate the spatial distribution of the electric field within the culture chamber. It was assumed that the electrically stimulated cells were seeded and grown as a monolayer on a 10.5 x 22 mm rectangular glass substrate, which lay on the chamber bottom between the two electrodes. The overall 3D geometry of the cultivation system was modeled as four divided, homogeneous sub-domains (the PDMS culture chamber, electrodes, glass substrate and culture medium volume), each with their respective electrical properties.
The electric field distribution in the 3D environment of the culture system was simulated with Comsol multi-physics 4 (Comsol Inc., Burlington, MA, USA). Direct-current, steady state conditions were assumed, for which the governing equation solved is:
where V is the electric potential, σ is the electric conductivity, J e and Q i are an externally generated current density and the local current source, respectively (both identically set to zero in our simulations).
Solving Eq. 1 yielded the distribution of the electric potential V throughout the 3D domain; the electric field distribution was then derived by computing the gradient of the potential: E = -∇V.
The values of σ for the PDMS, culture medium (Tandon et al. 2011; Tandon et al. 2010) , glass and stainless steel, used for the model are summarized in Table 1 . The cell monolayer was not explicitly modeled but instead was considered part of the culture medium volume due to its high water content (Barash et al. 2010) . The boundary conditions were prescribed as uniform potentials at the inlet or outlet faces of the chamber electrodes (8V at the positive electrode, 0V at the ground electrode). An insulated boundary condition was applied at all other external surfaces.
A parametric analysis of the effect exerted by the volume of the culture medium used to fill the chamber was performed. Multiple simulations were run to evaluate different heights h of the culture medium subdomain (h = 2 to 11 mm, step 1 mm), representing different volume conditions while all other conditions were unchanged.
Cell culture experiments under electrical stimulation conditions
Cell culture source type and preparation -The m17.ASC line was obtained from inguinal subcutaneous adipose tissue of fvb/n strain mice by limiting diluition after immuno-magnetic selection and enrichment for Sca-1 positive cells These cells were cultured in Claycomb medium (Sigma Aldrich) supplemented with 10% fetal bovine serum (Lonza-Cambrex), 50 IU/ml penicillin, and 100 µg/ml streptomycin (Lonza-Cambrex), at 37°C in a humidified atmosphere of 5% CO 2 . m17.ASC were maintained in culture for more than 2 years and were passaged twice per week at subconfluency. These cells were shown to express the main mesenchymal stemness markers (Sca-1, nestin, nucleostemin, CD44, CD106; low expression of CD117; negative for CD45, CD31, and F-480) . Neonatal cardiomyocytes (nCMs) were isolated from hearts of 1-3-day-old FVB/N mice, as indicated in the manufacturer's instructions (kit by Worthington Biochemical Corp.). Briefly as reported in our previous publication , immediately after isolation, cells were pre-plated for 2 h 30 min to recover the non-adherent-enriched fraction of nCMs, which were then seeded on fibronectin (2 mg/mL; Sigma-Aldrich), laminin (0.2%), gelatin (0.02%) pre-coated plates. Adherent cells were expanded when subconfluent up to two times.
Electrical stimulation protocol -Cells were seeded on glass slides (10.5 x 22 mm, Marienfeld, LaudaKonigshofen, Germany) and cultured in static conditions inside the PDMS culture chambers for 24 h followed by electrical stimulation. Two different protocols were used to electrically stimulate the adipose-derived stem cells (Berger et al. 1994; Barr and Plonsey 2004; Nuccitelli 1992; Radisic et al. 2004; Tandon, Goh, et al. 2009 ). Six chambers were stimulated with monophasic (8V for 2 ms, 1 Hz), and six chambers with biphasic square-wave pulses (+4 V for 1 ms, -4 V for 1 ms, 1 Hz) for 72 h. A 2 ms pulse duration was adopted as previously described in the literature (Barash et al. 2010) . The stimulation signal duration was sufficient to dissipate the double-layer effect at the electrodes between subsequent pulses (Barr and Plonsey 2004) . The cells were cultured at 37°C and with 5% CO 2 , in the medium described above. For controls, chambers without electrical stimulation were cultured in parallel with the experimental groups for 72h.
Cell proliferation -Cells (1x10 4 /glass slide) were seeded and cultured in the absence or presence of electrical stimulation, started 24 h after seeding, as described above. Immunofluorescence analysis -Cells were washed with PBS, fixed with 3% paraformaldehyde (PFA) in PBS for 20 min at 25°C, and permeabilized by incubation with 0.1% Triton X-100 in PBS for 1 h. Cells were then blocked by incubation with 4% goat serum and 1% albumin bovine serum in PBS for 30 min and incubated with anti-connexin 43 antibody (1/400, rabbit polyclonal, ab11370, Abcam, Cambridge, UK in PBS) for 2 h, followed by secondary Alexa Fluor® 488 goat-anti-rabbit-IgG antibody (1/500, Abcam) for 45 min at 25°C in a humid chamber in the dark. Cytoskeletal actin microfilaments were stained with TRITC-phalloidin (1/100, Sigma-Aldrich and nuclei were stained with 4',6'-diamidino-2-phenylindole (DAPI, 1/200, Invitrogen). m17.ASC were analyzed in 6 independent fields for chamber.
Images were taken with a Leica DM5500B microscope equipped with a digital camera. Fluorescent intensity of the green channel (cx43) was evaluated with ImageJ software (Schneider et al. 2012) and then normalized for the number of cells in the range of interest. The data set was built on 10 different images per sample. The data where then analyzed with one way ANOVA statistical test followed by Tukey's post-hoc test.
Gene Expression Analysis -Total RNA was extracted using miRNeasy kit (QIAGEN, Hilden, Germany) and quality controlled using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Microarray analysis was performed using MOUSEWG-6_V2 Beadchips (Illumina, San Diego, CA), according to standard protocols. Raw data were processed and cubic-spline normalized using the GenomeStudio software (Illumina, San Diego, CA). Analysis for selection of differentially expressed genes and heatmap generation was carried out with Excel (Microsoft, Redmond, WA). All samples from stimulated cells were compared to control unstimulated cells to assess whether transcriptional changes induced by electrical conditioning were concordant with expression differences between neonatal cardiomyocytes and controls. Functional annotation of the genes, as well as gene pathway analysis was carried out with the online DAVID tool (see supplementary data). (Fig.2) .
Results
Bench test assessment
The temporal variation in the voltage measured at the stimulation electrode closely resembled an ideal square wave with little superimposed noise (about 1% in amplitude). The voltage time plots measured at the differently positioned pins show an initial step change that is synchronous with each edge of the stimulation signal followed by a dynamic behavior, which is related to the polarization of the culture medium and the shielding effect of charges cumulating at the electrode-to-medium interface. An approximate analysis of this time response yielded a value of ~ 3 ms for the time constant of the system.
FEM modeling
The computational results allowed for a description of the 3D pattern of the electric field and current density throughout the computational sub-domains, particularly in the area where cells are seeded and cultured, i.e., immediately above the surface separating the culture medium from the glass substrate.
Because homogeneity was assumed for the electrical properties of each material, the electric fields and current densities are proportional within each sub-domain. Representative results are shown in Fig.3 for a simulation performed with an 8V voltage difference and a culture medium height of 6 mm in the chamber. Panels a, b and c of Figure 3 depict cross-sectional maps of the orthogonal current density components along the directions aligned with the width (x), height (y) and depth (z) of the chamber, respectively. The color maps show that in the culture medium region the current density in the x (Fig.3a) direction is negligible relative to the current density in the z or y directions (Fig.3b, 3c ), which implies that the electrode-electrode current flow is mainly in-plane on the cross section of the chamber. The corresponding cross-sectional pattern of the electric field, shown in the vector diagram in Fig.3d , represents the behavior of the field in the lower region of the culture medium sub-domain. In this region, the vectors are essentially parallel to the medium-glass interface, which ultimately means that in the region where the cell monolayer is cultured, the electric field is well aligned along the electrode-electrode direction. The current density value in the cell-culture region ranged from 600 to 800 A/m 2 for an 8 V voltage difference applied between the electrodes. Correspondingly, the electric field ranged approximately from 4.5 to 6.0 V/cm between the electrodes, whereas the field reached values up to 9 V/cm in the proximity of the electrode.
The results of the parametric analysis performed with different heights of the culture medium sub-domain are summarized in Fig.4 . The main diagram in Fig.4 depicts the effects of medium level changes on the electric field at the cell-seeded surface. The electric field measured halfway between the electrodes decreases sensibly (from 5.9 to 4.2 V/cm; -29%) when the culture medium level is increased from 2 mm (corresponding to an approximate medium volume of 0.9 ml) to 11 mm (approximately 5 ml).
Concomitantly, a change occurs in the electric field behavior along the line connecting the electrodes (see insets in Fig.4 , where field profiles are plotted against a silhouette of the chamber cross section).
Although the field is consistently concentrated near the electrodes, flattened profiles are observed for lower medium levels, which result in a relatively uniform electric field at the cell-seeded surface (e.g., for h = 2 mm, a maximum deviation of ~ 10% is calculated at the lateral ends of the glass slide). Conversely, for increasing levels, U-shaped profiles are formed, causing field distortion to progressively invade the region inhabited by the cell culture.
Effects of the electric stimulation on cell behaviour
To investigate the role of mono-and bi-phasic electric stimulation on m17.ASC proliferation, cells were treated for 72 h under both protocols and at each time point the cell number was measured by crystal violet staining. No significant differences were observed upon electric stimulation compared to untreated cells (control). In all cases, cells duplicated in the first 24 h of culture and then they slowed down proliferation in the following 2 days (Fig 5a) .
Considering that electric stimulation should induce the expression of molecules associated with cardiac maturation and in particular with channels involved in the propagation of electric signals and ions, we investigated the expression of Cx-43 in electrically stimulated cells (Tandon et al. 2011; Barash et (Fig.5c ). Biphasic stimulation was notably more effective than monophasic one. In biphasic stimulated cells, Cx-43 was localized both within the cell cytoplasm in large perinuclear regions, which are indicative of the ongoing protein synthesis, and in well-defined aligned spots at the cell periphery, which is acknowledged to be its functional localization (Fig.5c, biphasic panels) . In the case of monophasic stimulation only some cytoplasmic spots were evident (Fig.5c, monophasic panel) . The cx43 fluorescent intensity quantification graph (Fig. 5b) shows a statistically significant intensity difference between the control and the biphasical stimulated sample. Whilst in case of monophasic stimulation the quantification shows an increment but not statistically significant.
Global gene expression profiles obtained with DNA microarrays revealed that the two stimulation protocols induced closely related transcriptomes (R 2 = 0.81) in m17.ASC cells (Fig. 6a) . All samples were compared to control cells to assess whether transcriptional changes induced by electrical conditioning were concordant with expression differences between neonatal cardiomyocytes (NCM) and controls.
Some of these genes were already expressed or silenced in neonatal cardiomyocytes relative to not stimulated control cells (R 2 = 0.27) ( Fig.6b and 6c ). When the threshold was set at a 1.7 fold gain, out of 45,281 probe sequences analyzed, 42 gave signal in the electrically stimulated m17.ASC cells, and half of these also in neonatal cardiomyocytes, as shown in the heatmap (Fig.6d) . When the threshold was set at a 1.7 fold loss, 66 of the probes gave no signal in stimulated cells relative to untreated control cells, among which 40 were shared with neonatal cardiomyocytes (Fig.6d) . Gene expression changes induced by the treatment were found to be weak, but overall they are statistically significant given the high number of gene considered. Indeed a subset of genes were concordantly up-regulated or down-regulated in treated cells and in neonatal cardiomyocytes vs control untreated cells. Using the online DAVID tool we carried out functional annotation (see Supplementary Tables 1 and 2 ). Pathway analysis focused on these genes is reported in the Supplementary Tables 1 and 2 .
Discussion
In this work we present the design of a bioreactor capable of delivering controlled electrical stimulations to the cells and tailored to the needs of a standard biological laboratory. The device was used to study the effect of the electrical stimulation on stem cells, in particular on the m17.ASC clonal cell line, which spontaneously stabilized from murine subcutaneous adipose tissue . As a validation test, two different electrical regimes were investigated. The applicability/usability of the bioreactor platform was demonstrated, the system functionality was evaluated with respect to the noisefree signal development and time response, and the differences between biological responses of the cells to monophasic or biphasic electrical stimulations were analyzed.
One of the most important design requirements was to supply a robust laboratory tool. To this purpose the distribution of the electric field within the culture chamber was thoroughly investigated using computational methods, to guarantee a precise knowledge of the electrical stimulation experienced by the cultured cells. Our FEM simulations were set-up assuming steady state. This approach was invoked in (Barash et al. 2010 ) who justified it under the assumption that the time constant of the electrodeelectrolyte analog electrical circuit is much larger than the pulse duration. Our bench-test measurements, however, showed that the extent of the system's time constant is of few milliseconds, which is comparable with the imposed pulse duration. This is in line with the findings reported in (Tandon et al. 2011 ) for stainless steel electrodes. In this condition, the steady-state assumption should be better interpreted as an electroquasistatic approximation of a dynamic electrical behavior (Tandon et al. 2011; Tandon et al. 2010) . Each simulated map represents a snapshot taken just after the rising edge of a square pulse. This lacks information about the behavior with time, but adds key complementary awareness about the behavior in space. Particularly, with focus on the cell culture region, FEM modeling allowed us to characterize in detail the electric field alignment and uniformity and the way to practically avoid field distortions. The electric field was found to be relatively uniform over the cell-culture region, even if field perturbations were evidenced near the electrodes surface region. In addition, the simulations established a dependency between the culture medium volume and the electric field uniformity, thereby quantifying the culture medium volume to be used to enable the application of an electric field with the desired uniformity to the cell-populated surface. In particular, with a small amount of culture medium the electric field distribution can be reasonably assumed to be uniform throughout the culture region. An important indication to the user is that with such a system, the amount of culture medium that is present in each chamber should be chosen accurately and subsequently controlled during the culture.
An experimental evaluation of the time course of the applied electric signal showed that a voltage decrement inside the culture medium occurred during the stimulation interval. This decrement can be explained by considering the electrode-electrolyte interface phenomena associated with the use of any solid electrode (stainless steel in our case). When a solid electrode is immersed within culture medium, an interface is formed between the electrode and the electrolyte, and a transduction of charge carriers from electrons in the metal electrode to ions in the electrolyte takes place. During current flow the voltage gradient in the electrolyte is generally many orders of magnitude smaller than that at the interface and a layer of ions is attracted toward the surface. An electrical double layer is thus formed. When a voltage pulse between the two electrodes is applied, the current reaches its maximum value at the beginning of the pulse as the double-layer capacitances at the two electrodes begin charging and the current is predominantly capacitive. This scenario is in agreement with the behavior of the signal acquired within the culture medium, which showed that the maximum value of the voltage spike occurs near the positive stimulation electrode, and the spike decreases closer to the ground reference electrode.
Accordingly, for the preliminary tests, pulsed voltage control stimulation was preferred rather than current control stimulation because it ensures a lower unrecoverable charge accumulation during the interpulse interval (Merrill, Bikson, and Jefferys 2005) . However, the use of voltage control stimulation had several disadvantages: the maximum stimulation of the excitable tissue occurred only at the beginning of the pulse when the current is as a maximum, and the stimulation efficiency decreases during the pulse as the current decreases. One possible future development will concern improving the device using current control, as to place both the driven current and the injected charge under direct control, which was not feasible using voltage control (Weinman and Mahler 1964) .
The type 316L stainless steel (a cobalt-nickel-chromium-molybdenum alloy) selected for the stimulating electrodes satisfied the biocompatibility and mechanical property requirements for the application.
Moreover, due to the transparent property of the PDMS, the designed chamber allowed for the clear visualization of the cultured cells and permitted sterilization by conventional means (i.e., autoclaving).
Thus the bioreactor could be manufactured using readily available laboratory materials and tools and is easily duplicable and capable of being produced in small series. In addition, the bioreactor yielded positive results in terms of the usability and reliability. The preparation of the experiments was rapid compared to similar previously published methods that use modified Petri dishes ). Compared to previously described bioreactors, our system offers a tightly controlled cell culture environment, whose electrical patterns were well characterized by numerical simulations. In addition, the versatility of the 12 independent culture chambers, allows testing different experimental conditions at the same time. Thanks to optical transparency and proper dimensioning of the culture chambers, it is possible to visually follow the cell cultures and to obtain images of the cells within each chamber (chamber removal from/mounting onto the chassis is quite immediate, due to its 'plug-in' concept). Moreover, it is easy to recover the cells for different kinds of analysis (e.g., immunofluorescence, microarray).
The designed apparatus/system has proven to be biocompatible in the conditions of electric stimulation we used, since cells displayed the same kinetics of proliferation as the not stimulated cells, suggesting that from this point of view the two stimulation regimens are equivalent. In view of the fact that electric stimulation was hypothesized to drive the m17.ASC cells towards a cardiomyogenic phenotype, the expression of Cx-43 was chosen as marker of cell differentiation , although this marker is not strictly specific for this phenotype. For example, Cx-43 can be expressed also in cells differentiating toward the osteogenic phenotype (Minkoff et al. 1994 ). In the case of mature cardiomyocytes, Cx-43 expression at the gap junctions is essential for intercellular communication because single cells must be coupled to function as a pluricellular unique complex. We report that biphasic stimulation is more efficient than monophasic stimulation in inducing the relocalization of Cx-43 at the cell membrane, which is acknowledged to be its functional localization (Smyth et al., 2010) .
Indeed, Cx-43 was detected as discrete spots localized at the cell membrane, in addition to perinuclear localization, its recognized synthesis localization. Although, upon the biphasic stimulation, Cx-43 is clearly detectable at higher levels in immunofluorescence, this was not accompanied by a higher level of transcript (in the microarray analysis the Gja1 mRNA does not change upon electric stimulation). Two possible explanations can reconcile these apparently contradictory data. In the case of biphasic stimulation the mRNA or the protein are more stable. In the former case this would allow a more efficient translation in Cx43 protein. Also, and not necessarily in contrast, the relocalization of the protein to the cell membrane allows to reach a threshold concentration enough to be detected in immunofluorescence.
Further experiments could help to elucidate this point. Tandon and colleagues analyzed the Cx-43 expression in a model of human mesenchymal stem cells derived from adipose tissue, which were subjected to a continuous direct electric field (Tandon, Goh, et al. 2009 ). They found that stimulated cells expressed Cx-43 only transiently after 2 h of stimulation but not after 4 h of stimulation. Moreover, they reported that cells aligned perpendicularly relatively to the current direction. In contrast, such a cell response could not be clearly detected in our experiments. The discrepancy between the results reported by these two laboratories can be explained by the different design of the electrical stimulation protocols and analyzed times. Tandon and colleagues used continuous direct current, which is more involved during embryogenesis, whereas we selected pulse stimulation conditions, which are preferentially involved in cardiac syncytium development and thus should replicate the electrical environment of a more mature heart tissue in a more physiological way . Indeed, the biphasic wave stimulation was reported to be more effective also by another research group (Chiu et al. 2011) and, more recently, also in a study performed on human cardiac progenitor cells in our laboratory . A possible explanation for this phenomena is that the two phases act synergistically, with the first one acting as a conditioning sub-threshold prepulse and the second one as the excitatory pulse (Jones et al. 1987; Tung and Borderies 1992) .
The intensity (8V/cm), the time pulse duration (1-2ms), the frequency (1 Hz) and the total duration of stimulation (72 h) used in the experiments reported herein were chosen after critically reviewing the literature. Indeed they are in the physiological ranges, able to activate gene expression and, being in line with previous reports in literature (0.1-10 V/cm, 1-2 ms; 1 Hz; 2-4 h to weeks), they facilitate direct comparisons (Berger et al. 1994; Sathaye et al. 2006; Radisic et al. 2004; Au et al. 2007; Gomes et al. 2002) .
As long as gene expression changes induced by the treatments are concerned, although they were found to be weak, overall they go in the direction of neonatal cardiomyocyte differentiation, with a somehow stronger effect of biphasic stimulation. Indeed, a subset of genes were concordantly up-regulated or down-regulated in treated cells and in neonatal cardiomyocytes vs untreated control cells. The positive correlations observed are statistically significant, given the high number of gene considered. In contrast to the weak effect observed here on m17.ASC cells, similar protocols applied to human cardiac progenitor cells were able to up-regulate the expression of genes typically associated with the cardiomyocytic phenotype . Such different responses to the electric stimulation probably rely on the different cell types used. Human cardiac progenitor cells are more prone to cardiac differentiation, since they were already positively influenced by the cardiac microenvironment; m17.ASC cells have not received these microenvironment-dependent instructions, and, although it is reported that adipose tissue derived stem cells can differentiate towards a cardiac phenotype (Palpant and Metzger, 2010) , they probably need to receive stronger stimuli. Indeed, it is clear that the cell origin affects their future evolutive capabilities (Gaebel et al., 2011; Naftali-Shani et al., 2013) . Notwithstanding the limited informations obtained in the particular case herein described, we show that exploration of gene expression changes induced by stimulation is technically feasible with this system and can be adopted for further optimization of the treatment conditions. Systems for studying biological electrical phenomena may be costructed to examine processes at a variety of hierarchical levels, i.e. the molecular, cellular, cell population (monolayer) and 3D tissue levels. Monolayer cultures have the advantages of requiring fewer cells, facilitating observations of changes in morphology during culture and requiring simple and well-established culture systems (e.g., tissue culture flasks and Petri dishes). However, an important drawback compared to 3D culture systems is that the monolayer culture is a less accurate representation of the in vivo conditions, in part because of a reduced extent of cell-cell communication and cell mechanics. In the future, the use of a 3D-seeded scaffold on the bottom of our culture chamber will be possible without any bioreactor modification. This is particularly important in the context of the tissue engineering. To this purpose we have herein shown that undifferentiated multipotent cells could be induced to acquire some traits of the cardiomyocytic phenotype by electrical stimulation alone, without any additional treatment, such as the addition of biochemical factors in the culture medium. Additionally, we demonstrated a good and cost-effective method to fabricate a bioreactor tool with an easy integration potential in a standard cell culture laboratory. Table 1 : Electrical properties of the culture chamber materials and fluid.
Figures: Figure 1 : a) Cell culture platform consisting of two PMMA chassis, each of which is capable of hosting six independent culture chambers, and a custom-made electrical stimulator. The locking/unlocking system securing the chambers is observable on the basement of the chassis. The back panel of each chassis embeds the electrical connections for connecting the culture chamber electrodes to the electrical stimulator. b) Rectangular-shaped PDMS culture chamber with two embedded AISI 316 electrodes and its lid. c) Mold manufactured for producing PDMS culture chambers using a mold casting and curing technique. The mold consisted of two PMMA elements (transparent) and three POM elements (white). 
